Adults with psychotic disorders have dysconnectivity in critical brain networks, including the default mode (DM) and the cinguloopercular (CO) networks. However, it is unknown whether such deficits are present in youth with less severe symptoms. We conducted a multivariate connectome-wide association study examining dysconnectivity with resting state functional magnetic resonance imaging in a population-based cohort of 188 youths aged 8-22 years with psychosis-spectrum (PS) symptoms and 204 typically developing (TD) comparators. We found evidence for multi-focal dysconnectivity in PS youths, implicating the bilateral anterior cingulate, frontal pole, medial temporal lobe, opercular cortex and right orbitofrontal cortex. Follow-up seed-based and network-level analyses demonstrated that these results were driven by hyper-connectivity among DM regions and diminished connectivity among CO regions, as well as diminished coupling between frontal and DM regions. Collectively, these results provide novel evidence for functional dysconnectivity in PS youths, which show marked correspondence to abnormalities reported in adults with established psychotic disorders.
INTRODUCTION
Psychotic disorders are frequently devastating in adults, [1] [2] [3] and it is increasingly recognized that sub-threshold psychosis-spectrum (PS) symptoms in youth also impact functioning. [4] [5] [6] Sub-threshold symptoms are therefore important both dimensionally 2,7-9 and as potential harbingers of conversion to clinically diagnosed psychotic disorders. 10 Convergent evidence from epidemiological data of maternal infections, human neuroimaging data and animal models indicates that psychotic symptoms may be the result of abnormal neurodevelopment. 3, 11 This conceptualization has led to the hope that a better understanding of the course of psychosis will allow early interventions to 'bend the curve' of abnormal brain development and lead to improved patient outcomes. 3, 11 However, this approach requires large-scale studies in youth and selection of informative brain phenotypes.
Both structural 12, 13 and functional [14] [15] [16] brain abnormalities are found in psychotic adults and in help-seeking youths at high risk for psychosis. Based on accumulating evidence, psychosis can be studied as a syndrome of dysconnectivity among multiple large-scale functional brain networks. [17] [18] [19] [20] [21] In particular, evidence from both chronic adult clinical samples, 18, 22, 23 first-episode psychosis, [24] [25] [26] [27] unaffected relatives 28, 29 and youth at clinical risk 30, 31 implicates deficits in the resting-state functional connectivity within the default mode (DM) network as well as the cinguloopercular (CO) and fronto-parietal (FP) cognitive control networks. Consistently described abnormalities include hyper-connectivity within the DM network, 23, 28, 32 diminished connectivity within the FP and CO cognitive control networks 18, 23 and a change in connectivity between the task-negative DM and the task-positive FP and CO networks. 23, 31, 33 As connectivity within these networks has been implicated in individual differences in cognition, 34, 35 it is possible that dysconnectivity may additionally relate to the cognitive deficits seen in adults with psychosis [36] [37] [38] and in youth with PS symptoms. 6 Studies investigating the relationship between functional network abnormalities and developmental vulnerability to psychosis have been hampered, in part, by two factors. First, most studies have examined functional connectivity on a regional basis using traditional seed-based analyses or within a restricted set of brain networks. By definition, such an approach cannot reveal potentially important effects in brain regions that were not studied. In contrast, here we investigated functional connectivity using multivariate distance-based matrix regression (MDMR) as part of a connectome-wide association study (CWAS). 39 Previously applied in analysis of large-scale ecological and genetic datasets, 40 MDMR allows one to interrogate how the overall multivariate pattern of connectivity differs at each voxel in association with PS symptoms.
Second, while some larger studies in adults with psychosis now include up to several hundred patients, 18 most studies in youth remain small in size, diminishing statistical power and producing heterogeneous results. Notably, the ascertainment strategy we used differs substantially from studies of ultra-high risk helpseeking youth, 1 applying instead a population-based approach that examines PS symptoms in non-help-seeking youth. 4, [41] [42] [43] Although such a design will likely produce lower rates of transition to frank psychosis, early sub-clinical psychotic symptoms may nonetheless be valuable for elucidating the neurodevelopmental etiology of psychosis. [42] [43] [44] [45] To our knowledge, there has been only one small study of functional network abnormalities in youth with PS symptoms, 46 and it remains relatively unknown whether PS symptoms in this population demonstrate patterns of dysconnectivity similar to those found in clinical risk and schizophrenia samples. Similarities to adult clinical phenotypes would provide support for a dimensional view of psychosis symptomatology. [42] [43] [44] [45] We hypothesized that youth with PS symptoms would demonstrate functional network abnormalities in the DM network as well as cognitive control networks, such as the CO and FP networks. Our analytic approach was not biased by a priori network selection but rather explored the entire complexity of the functional connectome using MDMR. This strategy was facilitated by a large sample of PS youth imaged as part of the Philadelphia Neurodevelopmental Cohort (PNC), 47 a population-based study of brain development. As described below, we offer novel evidence of functional network abnormalities in PS youths that, in part, mirror those seen in adults with psychotic disorders.
MATERIALS AND METHODS Participants
Study participants included 188 PS youths and 204 typically developing (TD) comparators with no significant psychopathology, all of whom were imaged as part of the PNC (see Table 1 for demographics). 47 PS and TD criteria were identical to those used in prior reports; 4,6 recruitment and assessment details are available in the Supplementary Methods. All study procedures were approved by the Institutional Review Boards of the University of Pennsylvania and Children's Hospital of Philadelphia. Adult participants provided informed consent; minors provided assent and their parent or guardian provided informed consent.
Image acquisition and processing
All data were acquired on the same scanner using the same imaging sequences, which have been previously described and are detailed in Supplementary Methods. [47] [48] [49] [50] Time series data were processed using a validated confound regression procedure 49 that has been optimized to reduce the influence of participant motion, which is of particular concern for studies of developmental psychopathology; 48 see Supplementary Methods for details. After 6-mm full-width half-maximum smoothing, processed participant-level BOLD images were distortion corrected with FUGUE, 51 co-registered to the T1 image using boundary-based registration, 52 registered to the MNI 1-mm template using the topperforming diffeomorphic SyN registration included in ANTS [53] [54] [55] and down-sampled to 4-mm isotropic voxels prior to CWAS for computational feasibility. 39 All transformations were concatenated so that only one interpolation was performed in the entire process.
CWAS using MDMR
As previously described, 39 CWAS operates in three steps. First, the standard-space 4-mm voxelwise participant time series data are used to conduct a seed-based connectivity analysis at each voxel within gray matter, by calculating the Pearson's correlation coefficient between each voxel's time series and the time series of every other gray matter voxel. Second, the overall multivariate pattern of connectivity for each voxel is compared among participants using a distance metric (Pearson's correlation). Third, MDMR is used to test how well each phenotypic variable explains the distances between each participant's connectivity patterns created in the second step. This provides a measure of how the overall pattern of connectivity is impacted by each group-level variable. In contrast to other multivariate methods, this allowed us to examine group differences in connectivity while controlling for potentially confounding variables. Modeled variables included group (PS vs TD), age, sex, race and in-scanner motion. 48, 49, 56 For each voxel's connectivity pattern, MDMR yields a pseudo-F statistic, whose significance was assessed using 5000 iterations of a permutation test. The ultimate product of this procedure is a voxelwise significance map showing how PS status impacts the overall pattern of connectivity at each voxel; as in Shehzad et al., 39 type I error was controlled using cluster-correction with a voxel height of z41.64 and a corrected cluster probability of Po 0.01 using 10 000 Monte-Carlo simulations. 57 Results were displayed using cortical surface projections in Caret. 58 
Follow-up seed-based analyses
Although MDMR identifies clusters where a group difference in the overall multivariate pattern of connectivity is present, it does not describe what pattern of connectivity is driving the significant result. Accordingly, we conducted post-hoc seed-based analyses from each cluster returned by MDMR. Seed analyses were conducted in a standard manner, using Fischer's z-transformed voxelwise Pearson's correlations and group-level covariates as above. It should be emphasized that, except for analyses examining relationships with cognition, all follow-up analyses subsequent to MDMR do not constitute a unique hypothesis test, as the seeds were selected based on the significance of the MDMR result.
As described in Results below, examination of seed-based maps revealed that dysconnectivity was present in specific brain regions across multiple seeds. To assist in visualization of such regionally consistent patterns of dysconnectivity, we computed the average statistical effect of PS status at each voxel across all MDMR-based seed maps (see Figure 3 ). To do this, we calculated the absolute value of the group difference z-statistic map for each seed and then averaged across all seeds. Clusters that exhibited consistent group effects in the averaged seed maps were identified using the same voxelwise cluster-corrected threshold as for MDMR (z41.64, Po0.01). To assess correspondence to known large-scale functional networks, overlap maps were constructed using the commonly used seven-network parcellation of Yeo et al. 59 
Network construction and analysis
In order to summarize the observed pairwise interactions among the implicated brain regions, we evaluated the data within a network framework. We constructed a graph of 18 nodes (see Supplementary  Table S2 ) consisting of clusters identified by either MDMR (n = 8) or overlap among seed maps (n = 10). This graph was parsed into network modules using community detection techniques (see Supplementary Methods); network structure was displayed using Gephi. 60 Group differences in connectivity among these modules were investigated using measures of within-network and between-network connectivity. 61 Covariates were as above. As a final step, to determine whether observed connectivity differences in the PS group had functional relevance, network measures were related to cognitive performance. As previously described, 5, 62 the Penn computerized neurocognitive battery (Penn CNB) was administered to all imaged PNC participants. A recent factor analysis 63 of the PNC CNB data determined that general cognitive efficiency ('g' cognition) can be effectively summarized using a single score from a bi-factor model of both accuracy and speed scores of CNB tests. The relationship between network measures that were abnormal in PS youth and cognitive performance within the PS group were investigated using linear regression with covariates as above. To determine whether one cognitive domain was specifically impacted, we additionally evaluated three cognitive factors corresponding to the efficiency of executive function/complex reasoning, episodic memory and social cognition. 63 Although we anticipated that the relationship between cognition and dysconnectivity would be focused primarily within PS youth, we additionally repeated these analyses in TD participants as well.
Supplementary analyses
Although the above analyses accounted for major known confounding variables, including age, sex, in-scanner motion and race, through their inclusion as model covariates, we conducted additional analyses to further evaluate other potential confounds. Specifically, we re-evaluated networklevel associations while including maternal education as a covariate. Additionally, while only a minority of PS youths were being treated with psychotropic medication, we re-ran network-level analyses with these participants excluded. Furthermore, we re-computed network-level analyses considering only participants aged 411 years. This was done for two reasons. First, participants aged o11 years had higher levels of in-scanner motion, and we wanted to be certain that this did not systematically bias results. Second, participants aged o11 years were only assessed using the collateral interview, and we wanted to exclude the possibility that the assessment strategy influenced the observed results.
Although all analyses included age and sex as covariates, as prior work has emphasized differences in developmental patterns across age and between sexes, 50 we also examined age by group and group by sex interactions. Finally, relationships between network-level measures and both positive and negative/disorganized symptoms were examined as in Wolf et al. 64 Owing to the computational expense of MDMR, all supplementary analyses were conducted on network-level summary data only.
RESULTS

MDMR reveals multifocal patterns of dysconnectivity in PS youth
Comparison of TD and PS youths using MDMR revealed multiple regions where the multivariate pattern of connectivity differed between groups (Figure 1) . These regions included the medial prefrontal and anterior cingulate cortex, bilateral frontal opercular cortex, bilateral frontal pole, right orbitofrontal cortex and bilateral medial temporal lobe. However, as these MDMR results do not describe which specific connections form the basis for the observed multivariate results, each significant cluster from MDMR was next interrogated using a standard seed-based connectivity analysis.
Seed-based connectivity analyses reveal abnormalities within DM and CO networks Follow-up analyses used the clusters identified by MDMR as the basis for seed-based connectivity analyses, which examined the connectivity from that cluster with the rest of the brain on a voxelwise basis. These analyses demonstrated that the multivariate results from MDMR were driven by dysconnectivity within specific functional networks (Figure 2 ). For example, opercular clusters demonstrated diminished connectivity with other elements of the CO network, including the anterior cingulate and insula. In contrast, medial temporal regions showed increased connectivity with hubs of the DM network, including the posterior cingulate, inferior parietal cortex and lateral temporal cortex. Finally, frontopolar and orbitofrontal regions showed a pattern of increased connectivity with CO regions but diminished connectivity with DM hubs.
Considered collectively, seed-based analyses using CWAS clusters consistently implicated the CO and DM networks. In order to aid visualization of this effect, we averaged the PS vs TD difference across all seed maps and compared the average difference to the widely used functional parcellation defined by Yeo et al. 59 (Figure 3 ). This procedure identified regions where PS participants had abnormalities in pairwise connectivity with the clusters identified by MDMR, revealing a very high degree of overlap with hubs of the DM and CO networks; very little overlap was seen with other functional networks.
Network analysis delineates dissociable changes within and between large-scale networks
These results suggest that while the strongest differences in connectivity between PS and TD youth are present in the clusters identified by MDMR, these results are driven by abnormalities in the relationship with known hubs of the CO and DM networks. To concisely summarize how relationships among these regions are altered in PS youth, we conducted network analyses in a system where nodes included MDMR regions ( Figure 1 ) and those regions consistently implicated in seed analyses (Figure 3 ). Application of community detection procedures identified three network modules: a DM module (red in Figure 4a ), a CO module (purple), and a module composed of the three frontal regions identified by the MDMR (bilateral frontopolar and right orbitofrontal cortex; yellow).
These network modules were used to derive summary measures of within-network and between-network connectivity. This approach demonstrated that PS youth have enhanced connectivity within the DM network (t = 2.7, P = 8.0 × 10 − 3 ) but diminished connectivity within the CO network (t = 2.1, P = 0.03; Figure 4b ). Furthermore, between-network connectivity was systematically altered as well (Figure 4c) , with frontal regions becoming more connected with CO regions (t = 4.7, P = 2.7 × 10 − 6 ) and less coupled with the DM regions (t = 3.4, P = 7.0 × 10 − 4 ) in PS youth. There was no group difference between DM network and CO coupling, but as in our prior work females showed diminished CO connectivity with the DM network. 50 Inclusion of maternal education as a covariate did not impact results. Exclusion of PS participants taking psychoactive medication or subjects aged o11 years reduced the finding of increased connectivity in CO regions to a non-significant trend; all other results were not impacted and remained equally significant. Age by group and sex by group interactions were not significant and thus not retained in the model. DM network hyper-connectivity is related to cognitive impairment in youth with PS symptoms As a last step, we sought to determine the functional relevance of connectivity aberrations in PS youth by relating changes in network connectivity to cognitive performance. This analysis revealed that elevated connectivity in the DM network is associated with impaired cognitive performance in PS youth (t = 2.7, P = 6.7 × 10 − 3 ). This association was present across all three components of cognition identified by a prior factor analysis, including executive function and complex reasoning (t = − 2.7, P = 7.1 × 10 − 3 ), episodic memory (t = − 2.6, P = 9.3 × 10 − 3 ) and social cognition (t = − 2.3, P = 0.023). The relationship remained significant when medicated participants or participants aged o 11 years were excluded and when maternal education was included as a covariate. Other alterations in network connectivity in PS youth were not associated with variation in cognitive performance; no associations with the reported severity of PS symptoms were found. Finally, there were no significant associations between cognitive performance and network-level measures in TD participants.
DISCUSSION
In the largest study to date of PS symptoms in youth, we used MDMR to identify multifocal patterns of dysconnectivity. Although Figure 2 . Follow-up seed-based connectivity analyses explain patterns of dysconnectivity that drive multivariate distance-based matrix regression (MDMR) results. The multivariate results of connectome-wide association study (CWAS) identify regions where there is a significant difference in the overall pattern of connectivity between psychosis-spectrum (PS) and typically developing (TD) youth but do not describe what that pattern is. Accordingly, each cluster identified by CWAS ( Figure 1 ) was used as a seed in order to understand what changes in connectivity led to the significant finding. The middle column in the figure displays the mean connectivity across all subjects from each seed; the right hand column displays the group difference between PS and TD youth. As results were relatively symmetric bilaterally, only the ipsilateral hemisphere is displayed.
PS youth demonstrated diminished connectivity among CO network regions, they also displayed hyper-connectivity among DM regions, which was significantly related to cognitive impairment. Furthermore, frontal regions were de-coupled from DM regions in PS youth and showed increased connectivity with CO regions. Taken together, these findings delineate for the first Figure 3 . Psychosis-spectrum (PS) youth demonstrate dysconnectivity with hubs of cingulo-opercular and default mode networks. Seed maps describing differences in connectivity between PS and typically developing (TD) youth (left column) suggested that connectivity with specific brain regions were consistently impacted across multiple connectome-wide association study (CWAS)-derived seeds. In order to visualize this, we computed the average absolute statistical effect (mean absolute z map) of group at each voxel across all CWAS-based seed maps (middle column). Clusters that exhibited consistent group effects across all seed maps were identified (average z41.64, Po0.01; right column) and mapped to the large-scale functional networks defined by Yeo et al. 59 This procedure revealed that regions identified by CWAS have prominent dysconnectivity with major hubs of the cingulo-opercular and default mode networks, with a very high degree of spatial overlap. Note that Yeo et al. 59 refers to the cingulo-opercular network as the ventral attention network. time a pattern of functionally relevant large-scale network dysconnectivity in PS youth that has marked parallels to observed abnormalities seen in adults with frank psychosis.
Hyper-connectivity in DM regions scales with cognitive deficits in PS youth
Abnormally enhanced connectivity within the DM network in adults with schizophrenia is one of the most commonly reported and oft-cited findings in psychiatric neuroimaging. Since the original reports in adults, 22, 28 this result has been replicated in other adult samples, 23 early onset schizophrenia 32, 65 and youth at clinical risk of psychosis. 30 In our sample, this effect was most prominent in the medial temporal lobe cluster identified by MDMR, which had enhanced connectivity with multiple hubs of the DM, including the posterior cingulate, lateral temporal cortex and inferior parietal cortex. Task-based functional magnetic resonance imaging studies in adults with psychosis have also described diminished DM de-activation during challenging cognitive tasks, 66, 67 which has been interpreted as cognitive interference. Such an interpretation is consistent with the observed relationship between hyper-connectivity among DM regions and diminished cognitive performance in our data. As discussed below, DM hyper-connectivity may be related to diminished top-down regulation by frontal cognitive control regions, which showed decreased coupling with DM regions.
PS youth demonstrate abnormalities of cognitive control regions
In addition to the elevated connectivity seen among DM regions, PS youth had abnormalities affecting regions within the CO network and frontal regions that fall within the FP network. Specifically, PS youth had diminished connectivity among CO regions and shift in connectivity among frontal regions away from DM regions toward CO regions. These results accord well with prior reports suggesting diminished connectivity among cognitive control networks in both adults with psychosis and youth at clinical risk for psychosis. 18, 23, 25, 31, 33, 68 In contrast, the relationship between cognitive control regions and the DM is more variable across studies. Unlike the effects observed here, several studies in adults have found evidence of elevated connectivity between cognitive control and DM regions. 23, 30, 31, 33 Although speculative, it is possible that this divergence between our findings and those seen in adults reflects differential alterations of connectivity related to disease chronicity and symptom severity. Indeed, such an account was offered by a recent study that found evidence for early hyper-connectivity in prefrontal cortex regions. 65 Early decoupling of frontal regions from DM regions might reverse over time as internally directed thoughts related to psychotic symptoms become more advanced.
MDMR allows full exploration of the connectome in PS youth
The majority of studies investigating abnormalities of functional connectivity in psychosis or psychosis risk have utilized either seed-based or network-based approaches with regions of interest (nodes) defined a priori. Although data-driven network analyses (using independent component analyses or similar techniques) include fewer assumptions than hypothesis-driven seed-based analyses, they are nonetheless not fully exploratory, as they require substantial data reduction. In contrast, we approached the current study with a fully data-driven analysis using MDMR. Remarkably, this exploratory multivariate analysis identified abnormalities in regions most commonly implicated in studies of psychosis in adults.
Notably, while the clusters of maximal group difference identified by MDMR associate with known functional networks, they lie at the edge of network partition boundaries; this was most prominent for the opercular regions identified by MDMR but was true to a lesser extent for frontal and medial temporal regions as well. In contrast, the regions consistently identified by follow-up seed analyses clearly align with known hubs of the DM and CO networks. 59 This pattern suggests that dysconnectivity in PS youth may impact network partition boundaries defined by such edgehub connectivity patterns; such a pattern of results was also observed in a study of autism-spectrum traits in adults. 69 Although the present results do not evaluate this possibility explicitly, they motivate future studies that examine alterations in functional parcellation boundaries in detail. 59, [70] [71] [72] [73] Strengths and limitations of a population-based sampling strategy The population-based approach used here allowed us to study younger participants than typically included in studies of helpseeking clinical risk individuals and also to accrue a substantially larger sample size at a single site and scanner. Establishing the presence of network abnormalities in younger individuals is an advantage for potential interventions that are designed to alter disease trajectory. 2, 3, 7, 74 However, the cross-sectional analysis presented here does not allow us to determine how much the observed dysconnectivity is driven by a sub-sample of youths who will later become frankly psychotic or attenuated by individuals who will show no further symptoms. 75 Preliminary data from ongoing follow-up studies suggests that approximately 10% of PS youth will develop frank symptoms of psychosis within 2-3 years; we expect this figure will increase as longitudinal follow-up is extended. Additionally, participants with PS symptoms also have elevated levels of co-morbid psychopathology (for example, Supplementary Table S1 ). 4 Future studies will be necessary to further parse such heterogeneity and determine whether the observed results were due to psychosis per se or other dimensions of psychopathology. These effects underline the need for multivariate tools that allow data-driven identification of more homogenous sub-populations. When combined with longitudinal follow-up, such tools may allow for effective prediction of future risk.
CONCLUSIONS
These results establish that PS symptoms in youth are associated with a pattern of functional dysconnectivity previously seen in adults with psychosis. Considered jointly with our recent report using task-based functional magnetic resonance imaging from the same sample, 64 this finding suggests that abnormalities within specific vulnerable brain networks emerge at a young age and are not due to disease chronicity or the confounding influence of psychotropic medication. Network dysconnectivity may evolve to become a biomarker that can be used in both drug discovery and clinical trials of novel treatments. Especially when integrated with an array of cognitive and genomic data, such imaging phenotypes may help stage risk and target interventions for specific subpopulations that cannot be distinguished on clinical symptoms alone.
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